Abstract. The impact of contrail-induced cirrus clouds on regional climate is estimated for mean atmospheric conditions of southern Germany in the months of July and October. This is done by use of a regionalized onedimensional radiative convective model (RCM). The in¯uence of an increased ice cloud cover is studied by comparing RCM results representing climatological values with a modi®ed case. In order to study the sensitivity of this eect on the radiative characteristics of the ice cloud, two types of additional ice clouds were modelled: cirrus and contrails, the latter cloud type containing a higher number of smaller and less of the larger cloud particles. Ice cloud parameters are calculated on the basis of a particle size distribution which covers the range from 2 to 2000 lm, taking into consideration recent measurements which show a remarkable amount of particles smaller than 20 lm. It turns out that a 10% increase in ice cloud cover leads to a surface temperature increase in the order of 1 K, ranging from 1.1 to 1X2 K in July and from 0.8 to 0X9 K in October depending on the radiative characteristics of the air-trac-induced ice clouds. Modelling the current contrail cloud cover which is near 0.5% over Europe yields a surface temperature increase in the order of 0X05 K.
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Introduction
Air trac in¯uences the atmosphere through the emission of various gases and particles. Among these, water vapour and aerosol particles acting as cloud nuclei are of special interest because they support cloud formation, thus modifying an important climate factor. Therefore, the impact of contrails, or better`air-tracinduced cirrus clouds' was discussed recently within the scope of air trac and climate in general (Schumann, 1994) . Liou et al. (1990) studied the global in¯uence of contrails within a case-study, using a two-dimensional climate model. They found an increase in surface temperature of 1 K in the case of an increase in cloud cover by 5% between 20 and 70 N. Ponater et al. (1996) studied the in¯uence of an increase in water vapour and in cirrus cloud cover induced by air trac using a three-dimensional GCM. They showed that a signi®cant climatic eect is more likely to occur on the basis of contrail cloud cover rather than on the basis of additional water vapour due to air trac. The GCM results show an increase in surface temperature of 1 K at 50 N for a contrail cloud cover of 5%. However, one may expect contrails to have a stronger impact on a regional scale than on a global scale. To estimate this, a case-study is carried out within this paper for an area of increased air trac in southern Germany. This is done by use of a one-dimensional radiative convective model (RCM), originally developed by Liou and Ou (1983) and modi®ed to allow modelling of regional climate by taking into account advection as a third energy¯ux besides radiation and convection. The eects of an increased ice cloud cover on the equilibrium temperature pro®le of a mean July and October atmosphere were simulated.
Special emphasis is laid on the parameterization of the radiative characteristics of ice clouds. There are two types of ice cloud used in the model: cirrus and contrail. An increase in ice cloud cover is modelled twice, using both cloud types, in order to estimate the in¯uence of the cloud radiative characteristics on the results. Corresponding RCM input parameters are the transmittance and the re¯ectance in the solar, and the emittance, the transmittance and the re¯ectance in the terrestrial spectral range. Values of these quantities are obtained by radiative transfer model (RTM) calculations. Ice clouds in the model are assumed to consist of particles in the range 2±2000 lm. The size distribution for particles smaller than 20 lm is based on recent in situ measurements which are presented in Sect. 2; for particles greater than 20 lm a parameterization of Heyms®eld and Platt (1984) is used. Contrails are assumed to consist of a larger portion of smaller particles and less of the bigger ones compared to natural cirrus clouds. The ice water content, however, is assumed to be the same in both cloud types, for reasons of better comparability. It is anticipated that the portion of small particles has an appreciable in¯uence on the radiative properties of ice clouds (Arnott et al., 1994) . Section 3 describes the model modi®cations, Sect. 4 presents and discusses the resulting equilibrium temperature pro®les.
Measurements of microphysical properties in cirrus clouds and contrails
In situ measurements by use of an ice replicator [built by J. Hallett, Desert Research Institute (DRI), Reno, Nevada, USA] were carried out in both natural cirrus and aged contrails. This was done within the campaigǹ CIRRUS '92' organized by`Deutsche Forschungsanstalt fuÈ r Luft-und Raumfahrt' (DLR). It took place between 1 and 19 October 1992 in south Germany. On 15 October measurements were taken in a natural cirrostratus cloud located ahead of a frontal system related to a strong low over Denmark. On 9 October measurements were taken in contrails with ages in the order of half an hour embedded in arising cirrus. In this case a high was located over Central Europe, a low over the Mediterranean Sea and advection of warm air in southern Germany just started from the south. A comparison of these two measurements is of special interest with regard to a possible dierence in the microphysical behaviour of these two cloud types. The question of how representative these two clouds were remains open up to now.
The principle of the ice replicator (see Fig. 1 ) is quite easy: the particles¯y through an inlet situated at the tip of the instrument, sized 2 Â 7 mm 2 , and impact on a coated leader ®lm which is transported just behind that entrance. The impacts of the particles are conserved in the coating and are analysed by microscopy, digitization of the microscope pictures and image processing software. Thus information on particle shapes, sizes, concentration and size distribution is obtained. The lower resolution of the instrument is about 4 lm , depending on the quality of the coating which does not always have the same characteristics. A source of uncertainty concerning absolute particle numbers is the uncertainty due to the collection eciency for particles smaller than approximately 10 lm , which is not known accurately. Particles larger than approximately 100 lm normally break by impaction and information on these particles is therefore weak. Regions showing fragments of broken particles were excluded from evaluation. Nevertheless, there remains an uncertainty due to misclassi®cation of some broken material. This eect is contrary to the collection eciency eect. Figure 2 shows eight size distributions of the cirrus cloud measured on 15 October 1992 taken from eight dierent parts of this cloud, thus representing a measure of the natural variability. Also shown is a parameterization for cirrus cloud particles larger than 20 lm in size for temperatures of À55 C and À40 C (Heyms®eld and Platt, 1984; Liou, 1992) . The temperature in the cloud was about À55 to À57 C . One can see three important features:
1. there are many`small' particles, i.e. particles smaller than about 20 lm in size; 2. the measured size distributions coincide with the parameterization of Heyms®eld and Platt in the overlap size regime; 3. the variability is in the order of one magnitude.
The strong¯uctuations at sizes larger than about 20l m are due to the size of sampling volume, which is comperatively small for particles of this size regime. It is in the order of several thousand cm 3 . The collection October 1992 over southern Germany. The eight curves represent eight dierent parts of the cloud and thereby give a measure of the natural variability. The two lines represent parameterizations for particles larger than 20l m for À55 C (solid) and À40 C (dash -three dots) after Heyms®eld and Platt, 1984 eciency is assumed to be 1 for all sizes, i.e. numbers for particles smaller than approximately 10l m are probably slightly underestimated. Integration gives a mean particle concentration of 0X7 cm À3 , with values ranging from 0X5 to 1X1 cm À3 . These values can be compared to data obtained by measurements with a Counter¯ow Virtual Impactor (CVI) in natural cirrus clouds, as presented by Stroem (1993) . The CVI detects ice particles up to 30l m by measuring the concentration of the nuclei and the ice water content of the particles. CVI values range from 0.1 to 1 cm À3 and therefore con®rm the replicator data. Figure 3 shows the corresponding results for the aged contrails on 9 October. The temperature in these contrails was between À37
C and À45 C. The mean concentration value is found to be 1X3 cm À3 , again assuming a collection eciency of 1, with values ranging from 0X8 to 1X6 cm À3 . A comparison of the two clouds is shown in Fig. 4 . The two curves represent mean values of the size distribution for the two cloud types. One can see that the particle concentration for the aged contrails is larger for all sizes measured by the ice replicator. But the dierence is signi®cantly less than the variability of each of the two clouds.
3 The radiative convective model and its modi®cation
The RCM output of the original model version represents an atmospheric state of long-term and global averaging. It divides the atmosphere into 21 layers containing three cloud layers and calculates a temperature pro®le representing an equilibrium state between radiation and convection within each layer. The whole spectral range comprises six spectral intervals in the solar and ®ve intervals in the terrestrial region.
The temperature pro®le is computed on the basis of the Curtis matrix principle, i.e. starting with an emittance, re¯ectance and transmittance value and a ®rst-guess temperature value for each atmospheric model layer and then applying a perturbation scheme. This immediately gives the equilibrium state temperature pro®le, i.e. no time-stepping method is used. Values in cloudy layers are assumed to be dominated by the cloud particles. Figure 5 gives an overview of the procedure. For more details see Liou and Ou (1983) .
To permit simulations on a regional scale and for limited time-periods, advection has to be taken into consideration. Furthermore, the following variables have to be speci®ed for the considered region and time:
(1) solar zenith angle, (2) water vapour pro®le, (3) ozone pro®le, (4) cloud cover, (5) surface albedo, (6) Bowen ratio. All of these values except the cloud cover are assumed to be constant in the frame of this study. Cloud cover values for mid-level and low clouds are ®xed, whereas high cloud cover is varied. More details are given in Appendix B.
Special emphasis is given to the parameterization of the optical properties of ice clouds. In the model's original version, ice clouds consist of cylindrically shaped monodisperse ice particles with a mean length of 200 lm, a mean radius of 30l m and a mean concentration of 0X05 cm À3 . However, recent research results force these assumptions to be modi®ed. It turned out that models tend to underestimate the solar ice cloud albedo when compared to measurements (Stackhouse and Stephens, 1991) . As a consequence, two hypotheses are made to explain this discrepancy: in today's models, particles are usually described as spheres or hexagons. Hypothesis (1) says that particle shapes have to be modelled more precisely with respect to multibranched particles which are regularly found in ice clouds and which could cause increased backscattering as compared to simple hexagonally shaped columns and plates (Wielicki et al., 1990) . Hypothesis (2) concerns the particle size. Little is known about particles smaller than 50 lm due to the lower resolution of instruments usually employed for in situ measurements of ice particles. Ice cloud models usually assume particles with a minimum size of 20 lm or even larger. Hypothesis (2) says that a signi®cant amount of smaller particles have an appreciable in¯uence on the radiative characteristics of ice clouds by enlarging the number of backscattered photons and herewith increasing cloud albedo. Model calculations (Macke, 1993; Iaquinta et al., 1995; Strauss, 1996) make hypothesis (1) appear unlikely, whereas recent in situ measurements as presented in the previous section support hypothesis (2). Therefore, the ice cloud parameterization used in the RCM was modi®ed by assuming hexagonally shaped ice particles in the solar spectral range, and cirrus particle size distributions in the small-particle regime as based on our measurements (see Sect. 2) and those of Heyms®eld and Platt (1984) . In the terrestrial spectral range, Mie-calculations were carried out for volume equivalent spheres. The following two subsections describe the parameterization of the optical properties of ice clouds and of the advection in detail.
3.1 Calculation of the radiative properties of ice clouds 3.1.1 Procedure. Radiative properties of ice clouds in the RCM are described by the broadband transmittance and re¯ectance in the solar spectral range and in addition the emittance in the terrestrial spectral range. These quantities were calculated with a separate radiation transfer model (RTM) based on the Matrix Operator Method (Plass et al., 1973) by the following steps:
1. Calculation of the phase function / (solar region), asymmetry factor g (terrestrial region), volume extinction coecient r, and single scattering albedo x on the basis of the particle-size distribution and the spectral complex refractive index of ice (Warren, 1984) . In the solar region these parameters are derived for hexagonally shaped particles under the assumption of geometrical optics (Hess and Wiegner, 1994) . In the terrestrial spectral range Mie-calculations have been performed for volume equivalent spheres. 2. Calculation of spectral downward-and upwarddirected radiative¯uxes at cloud top and base with an RTM. The ice cloud layer is embedded between 9X6 and 11X0 km. 3. Calculation of broadband transmittance, re¯ectance and emittance by use of wavelength integrated¯uxes at cloud top and base within the solar and terrestrial spectral range.
Microphysical properties of cirrus and contrails.
Size distributions are speci®ed for two cloud types: cirrus and contrails. Table 1 gives the discretized cirrus size distribution as derived from two separate data sources. e and f designate the half-width and the length of the representative hexagonal ice particles. For cirrus cloud particles smaller than 20 lm the size distribution is based on in situ measurements as presented in Sect. 2. For cirrus cloud particles larger than 20 lm the size distribution is based on a parameterization of Heyms®eld and Platt (1984) (using a revised version in Liou, 1992) , which is a function of temperature. For reasons of consistency, the range À55 C to À60 C is used here, because temperature values within this range were measured during the¯ight in the cloud on 15 October 1992. Taking the particle numbers of Heyms®eld and Platt (1984) , Liou (1992) directly, however, leads to a signi®cant smaller ice water content than that measured by these two papers which is 2X077 Á 10 À3 gm À3 . We assume that this discrepancy is due to the assumption that particles in our model have hexagonal shapes in all size classes, whereas the measurements show aggregates in the range of larger particles. For a certain diameter, an aggregate contains a signi®cantly larger volume than a column. In order to adjust the ice water content value in the model to the measured value, particle numbers in size classes V to VIII were increased by a factor of 3.47.
For consistency of the following comparison the ice water content within contrails is assumed to be the same Each iteration repeats the calculations of the vertical exchange coecient and of the pro®le of the radiative¯uxes on the basis of the new temperature pro®le. Advection is taken into consideration as a third energy¯ux besides radiation and convection in the modi®ed version of the RCM which is used in this study as that for the natural cirrus case. Having no precise information on particle number densities for sizes larger than 20 lm, we assume that the relative particle size distribution is the same as that for the natural cirrus case (Table 1) , though with an upper size limit of 200 lm. This gives also qualitative agreement with the measurements of Gayet et al. (1996) . As a result of the adjustment of the ice water content there are more small particles in contrails than in natural cirrus, which is consistent with our measurements.
3.1.3 Radiative properties of contrails and natural cirrus clouds. The radiative transfer model adopted to calculate vertical pro®les of upward-and downward-directed uxes is based on the matrix operator theory (Plass et al., 1973) . This RTM accounts for processes of multiple scattering, absorption and thermal emission. The cloud optical properties are described by / (solar), g (terrestrial), r and x. Besides the cloud parameters, the RTM needs the corresponding optical parameters for aerosol particles. Furthermore, the vertical pro®les of temperature, pressure and air density, as well as the absorber masses of the relevant gases, characterize the atmospheric state. These meteorological parameters are given for our model atmospheres in Appendix B. Table  6 in Appendix A shows the spectral resolution within the solar spectral range as used in the RTM.
In the solar region, the sharp forward peak of the cirrus phase function is truncated by applying the deltafunction approximation. In the terrestrial range, a Henyey-Greenstein approximation of the phase function is adopted which depends only on the asymmetry factor. The transmission functions of the relevant gases valid in the spectral subintervals are approximated by exponential sum ®tting. Table 7 in Appendix A gives the values of g, g and x for the cirrus and contrail cloud as calculated for hexagonally shaped particles with geometrical optics. g designates the extinction cross-section and equals the extinction coecient normalized to one particle per cm À3 . Note that the g values are shown in the table but are subsequently not used. For the model calculations, the complete phase function is used. Note that the spectral resolution is not identical to that in the RTM (see Table 6 ) however, it accounts for a proper representation of the radiative properties which in turn mainly follow the spectral behaviour of the complex refractive index of ice. Phase functions are calculated at wavelengths 0.550, 1.100, 1.400, 1.905, 2.600 and 3X077 lm. These wavelengths are chosen as representative with respect to the spectral behaviour of the refractive index of ice.
To obtain the analogous values for the RTM input spectral intervals (Table 6 ), a proper mean value is calculated by
where x represents the variables r and x, x j designates the mean value of the jth spectral interval i Dk iYj within the solar spectral range. The variable i i is the solar constant at the wavelength i.
The ®rst column in Table 8 in Appendix A shows the spectral resolution in the terrestrial region used by the RTM. In order to obtain r, g and x values in the terrestrial region, Mie-calculations for corresponding spherical particles were carried out within each spectral interval at its central wavelength given in Table 8 , where the conversion from hexagonal particles into corresponding spheres is done by calculation of equivalent volume. It is expected that such spheres give better x values compared to spheres of equal surface (Takano and Liou, 1989) . Downward-and upward-directed solar¯uxes at cloud top and base result from RTM calculations for the isolated cloud layer as radiative transfer medium. In a next step, the cloud transmittance is derived by relating the downward directed¯uxes at cloud top and base, respectively. The ratio of upward and downward ux at cloud top correspondingly gives the cloud re¯ectance. Solar zenith angles are cosine weighted means over the solar day for July and October in Munich. Results are shown in Table 3 .
As expected, transmittances increase and re¯ectances decrease with decreasing particle concentration. The extinction coecient value is found to be 0.130 and 0X198 km À1 for cirrus and contrails, respectively, at a wavelength of 0X55 lm. Values of the cloud optical thickness at a wavelength of 0X55 lm are 0.18 and 0.28 for cirrus and contrails, respectively.
To obtain emittance, transmittance and re¯ectance in the terrestrial spectral range, RTM calculations were carried out for two dierent vertical atmospheric segments: (1) the atmosphere between surface and cloud top and (2) the cloud layer only. The ®rst serves to obtain the upward¯uxes at cloud top f top 4 and cloud base f se 4, the latter gives the¯uxes emitted by the cloud layer itself, designated as fl top 4 and fl se 5. The upward-directed emittance is calculated according to fl top 4 a1 4 top , where 1 denotes the Stefan-Boltzmann constant and top the temperature at cloud top. The downward-directed emittance is calculated analogously. In the RCM the mean of these two emittance values is used. The transmittance is given by f top 4 Àfl top 4a f se 4, the re¯ectance by f se 5 Àfl se 5af se 4. Table 4 lists the results, Table 5 presents the derived values for cloud emittance, transmittance and re¯ec-tance.
As expected, emittances and re¯ectances increase with increasing particle concentration, whereas transmittances decrease with increasing particle concentrations.
3.2 Parameterization of advection 3.2.1 Method. In our case-study an atmospheric segment with vertical boundaries along the region of southern Germany is modelled. For simplicity it is called in the following`atmospheric box'. In contrast to modelling on a global scale, net¯uxes of energy through the lateral boundaries of this atmospheric box have to be taken into account. It is assumed that the net energy¯ux which leaves the top of the box as radiation (in the considered time-period) equals the energy¯ux which is gained through the lateral faces as advection. The pro®le of advected energy is set proportional to the wind pro®le. The value of the energy¯ux leaving the atmospheric box at the top is taken from ERBE (Earth Radiation Budget Experiment) satellite data. This¯ux is À59 and 97 Wm À2 in the months of July and October, respectively, the minus sign in the July case representing an energy gain for the box. More details concerning the satellite data are given in Appendix B. Values for the vertical pro®le of the wind speed are taken from radiosonde data,`Munich' station, averaged for the years 1981±1985.
Within the frame of this study, no feedback mechanisms concerning advection are taken into consideration. Figure 7 shows RCM results for the reference case, i.e. the case with climatological values of cirrus cloud cover in July. Two temperature pro®les are shown: one results from including advection as already outlined, whereas the other results from neglecting it. For comparison, the climatological July values as derived from radiosonde data are shown.
Results of regionalization.
Calculated temperatures ®t quite well throughout the whole troposphere. A small inversion layer is modelled at the surface but not seen in the climatology values. This indicates that the Bowen ratio might not be representative for this case, however, in this study only temperature dierences are of interest. Figure 8 shows corresponding temperature pro®les for October conditions. Noteworthy is the great in¯u-ence of advection inducing a temperature dierence of approximately 25 K throughout the troposphere. It is important to note that the uncertainty of the satellite data is in the order of 10 Wm À2 , which corresponds to an uncertainty in the temperature pro®le in the order of only 3 K.
Results and discussion
The impact of ice clouds induced by air trac is estimated by comparing the RCM results for an increased high cloud cover with those for the reference cases in July and October. It is assumed that the ice cloud cover increases at the expense of the uncovered area.
The surface temperature results are shown in Fig. 9 . An ice cloud cover increase due to contrails by 10% causes surface temperature increases of 1X1 and 0X8 K in July and October, respectively. Assuming that the increased cloud cover is due to clouds which have natural cirrus properties, these values are 1X2 and 0X9 K, respectively. Thus, for both months the increase in high cloud cover due to natural cirrus warms the surface more than the increase due to contrails. Obviously, the primarily larger shortwave albedo of the contrails due to more smaller particles leads to less warming than in the case of natural cirrus, even if the emittance of contrails is larger than that of natural cirrus. Figure 9 shows a linear relation between cloud cover and surface temperature, because the RCM weights¯ux linearly with cloud cover. Part of the contrails certainly will occur over midand low-level clouds. Since the RCM does not consider overlapping eects of several cloud layers, our values for surface warming represent an upper limit.
As a further result the radiative forcing at the top of the atmosphere with a ®xed temperature and humidity pro®le is obtained. In the July case the upward terrestrial¯ux at the top of the atmosphere is reduced by 3X3 Wm À2 in the case of a 10% increase in cirrus cloud cover. The corresponding decrease in the solar ux is 0X5 Wm À2 . In the October case, the terrestrial¯ux is reduced by 2X6 Wm À2 , and the solar¯ux by 0X1 Wm À2 . The values in the contrail cases are slightly lower.
The current cloud cover which is due to contrails and thereby obviously due to air trac is estimated to be in the order of 0.5% over Europe (Bakan et al., 1994) . This increase in cloud cover might be regarded as the minimum amount of air trac induced cloud cover. Therefore it is expected that the increases in surface temperature are approximately 0X06 and 0X05 K in July and October, respectively.
With regard to the uncertainty in our results, we varied the advection term by 10 Wm À2 (that corresponds to an uncertainty of 10 Wm À2 in the satellite radiation measurement), the resulting uncertainty in the surface temperature is about 0X02 K (change from 96.75 to 106X75 Wm À2 in the satellite measured net radiative¯ux for the October case). Assuming a doubling of the latent heat¯ux at surface (which is much more than a realistic assumption), the resulting uncertainty in the surface temperature is about 0X01 K (in the October case). These values show that these uncertainties have no important in¯uence on the results. . Increase in surface temperature D surf in dependence on additional ice cloud cover g due to contrails and cirrus in the case of mean July and October conditions over southern Germany. Solid: July, cirrus; dotted: July, contrails; dashed: October, cirrus; dashdotted: October, contrails
In comparison to a corresponding global sensitivity study for the climatic eect of an additional contrail cloudiness in the North Atlantic region (Ponater et al., 1996) , our value for the increase in the surface temperature in July is of the same order of magnitude. However, in this GCM calculation, the ocean temperature was ®xed, and so the true response of additional cloudiness is slightly underestimated.
The question of the climatic importance is relative: compared to an increase in the temperature of 1 K between the Middle Ages and today, our 0X05 K value is surely not signi®cant. On the other hand, climate change is a composite of multiple eects, and one should keep air trac in mind as being one of these. Furthermore, our results represent equilibrium conditions, and the question of possible eects in the non-equilibrium state remains open, e.g. in¯uences in the day-to-night dierences in temperature.
The results give an idea of how sensitive the regional temperature pro®le reacts on changes in the ice cloud layer which are due to changes in cloud cover, radiative properties of the ice clouds and solar zenith angle. However, we must keep in mind that our results are based on the assumption that the radiation balance on top of the atmosphere is ®xed to the value that belongs to the undisturbed case, and further that large-scale advection of energy into the area does not change. In view of the small temperature changes induced by the changes in cirrus cloud cover, these assumptions are expected to be ful®lled to a ®rst order, and our results represent an upper limit of the regional eects of an additional cloudiness caused by air trac. This is also supported by the results from a three-dimensional GCM which include feedback mechanisms and show the same order of magnitude (Ponater et al., 1996) .
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Appendix A

Tables indicating RTM calculations
These tables, referred to in the text are put in an Appendix for reasons of clarity and readability. Table 7 . Optical parameters of cirrus and contrail used in the solar region. Symbols without a hat denote cirrus parameters, symbols with a hat denote contrail parameters 
Cloud cover and liquid water path
Cloud cover values are taken from Warren et al. (1988) . Values are based on ground observation averages between 1971 and 1981. Spatial resolution of these data is 5 Â 5 , temporal resolution is 3 months. The following classi®cation is used: Cu, Cb, St, Ns, As, Ac and Ci. To get cloud cover values for the three cloud layers in the RCM, Cu, Cb, St, Ns are chosen to give the low cloud cover, Cb, Ns, As, Ac to give the mid-level cloud cover and Ci to give the high cloud cover, following a procedure used by Liou in the original version of the RCM (Liou et al., 1985) . This leads to cloud cover values 0.31, 0.21, 0.07 and 0.41 for low, middle, high clouds and clear sky, respectively in the month of July. The corresponding values for October are 0.56, 0.34, 0.16 and 0.59, respectively.
The RCM is unable to calculate interactions between clouds. Therefore, the radiative¯ux computations are performed for dierent atmospheres containing one cloud layer each for low, middle and high clouds and one clear atmosphere are calculated separately and radiation¯uxes are weighted afterwards with the corresponding cloud-cover values. For this reason, the cloud-cover values given are compacted in the RCM. This is done by multiplication with a constant factor (less than 1) in the way that the sum of the cloud cover and the clear sky fraction add up to 1. Note, however, that the interaction between a single cloud layer and the surface is taken into consideration.
The liquid water path value of low clouds is taken from Liou and Ou (1983) as 60X411 gm À2 , for mid-level clouds to 54X06 gm
À2
in the present study. The ice water path for cirrus cloud is assumed to be 2X908g m À2 according to measurements of Heyms®eld and Platt (1984) . 
Surface albedo
The surface solar albedo values are taken from Koepke et al. (1992) . These values are based on satellite measurements. In the case of October, values from 10:00, 13:00 and 16:00 local time are available, corresponding to sun elevations of 26X87 , 31X06 and 12X29
, respectively. Interpolation to 20X22 elevation angle which is used in the RCM leads to an albedo of 11.3% . This value is used for the October calculations.
In the case of July, only the 13:00 local time value was available. This value is 15.6%. Due to the fact that the albedo has a minimum value at the time of the highest sun elevation angles, an albedo value slightly higher than this value was chosen as representative in the July calculations. The value was estimated to be 17% (W. Thomas, personal communication).
Aerosol data
Aerosol data are chosen to represent continental conditions for both months studied, July and October (M. Hess and P. Koepke, personal communication) . Table 11 shows the assumed aerosol components and particle numbers. These values are valid for sea level. The dependence on altitude is modelled after nh n0 expÀhaY 2 where n denotes the particle number, h the altitude and a reference altitude which is 8 km. For more details, including refractive indices, see Deepak and Gerber (1983) .
Satellite data used for parameterization of advection
Satellite data are taken from ERBE (Earth Radiation Budget Experiment) via the`Meteorologisches Institut der Universitaet Hamburg'. Spatial resolution of these data is 2X5 Â 2X5 . The data are taken from 47X5 to 50X0 N and 10X0 to 12X5 E and cover quite accurately the area of Bavaria, southern Germany. In the case of July, a 5-year average of monthly averaged net¯uxes (top of atmosphere) is used (1985±1989) . Values are 68.75, 55.96, 54.63, 61.94 and 51X80 Wm À2 for the 5 months, respectively. The mean value used is 58X62 Wm À2 . For October, corresponding data from 2 years 1985 and 1986 are used. Values are À99X00 and À94X50 Wm À2 , respectively, and the mean value À96X75 Wm À2 is used.
Bowen ratio data
The relationship between surface¯uxes of sensible and latent heat strongly dominates the temperature pro®le near surface. Values were taken from Berz (1996) . These values were measured in 1964 on the area of a meteorological research station of the University of Munich, Germany, located in the surroundings of the city. It is not clear how representative these values are for whole southern Germany and how representative they are for a monthly mean averaged over many years. However, due to lack of better data these values, given in Table 12 , are used in the calculations. 
